Reactive sites
C complex (catalytic step 1 spliceosome)
Step 1
Step Spliceosomes are multi-megadalton RNA-protein molecular machines that carry out pre-mRNA splicing, that is, the removal of non-coding intervening sequences (introns) from eukaryotic pre-mRNAs and the ligation of neighboring coding regions (exons) to produce mature mRNA for protein biosynthesis on the ribosome. They are the prototypes of dynamic molecular machines, assembling de novo for each splicing event by the stepwise recruitment of subunits on a substrate. Intron excision and exon ligation by spliceosomes are achieved via two consecutive transesterification reactions involving the 5′-splice site (SS), a branch point sequence (BPS), and the 3′SS (Wahl et al., 2009 ). In vivo, spliceosomes typically assemble on a substrate while it is still being transcribed by RNA polymerase II (Pol II), and early splicing factors are recruited to the pre-mRNA through the Pol II C-terminal domain (CTD) (Kornblihtt et al., 2013) . Pol II and the spliceosome mutually influence each other; for example, in yeast, transcriptional pausing at the 3′ ends of introns coincides with splicing factor recruitment/splicing and, vice versa, Pol II pausing depends on splicing. Co-transcriptional splicing is also influenced by chromatin organization, and splicing can modulate histone marks (de Almeida et al., 2011; Luco et al., 2011) . In addition, splicing is physically and functionally coupled to other pre-mRNA processing events, such as 5′-capping and 3′-cleavage/polyadenylation (Maniatis and Reed, 2002) . Furthermore, there is crosstalk of the spliceosome to other mRNA metabolic processes, for example, mRNA export and cytoplasmic surveillance/translation via recruitment of export factors and the exon junction complex (EJC) during splicing (Wahl et al., 2009 ). The main spliceosome assembly process entails the stepwise recruitment of RNA-protein subunits, small nuclear (sn) RNPs U1, U2, U4, U5, and U6 in case of the major spliceosome, and a plethora of non-snRNP proteins (central pathway). Substrate-specific splicing regulators may be integrated in response to cis-acting elements on the pre-mRNA (Wahl et al., 2009) , likely with context-dependent integration kinetics. The snRNPs each contain a specific snRNA, a common set of seven Sm (in U1, U2, U4, and U5 snRNPs) or LSm (in U6 snRNP) proteins and a variable number of particle-specific proteins (Wahl et al., 2009) . Some non-snRNP proteins are also pre-organized as multimeric complexes, for example, the Prp19 complex (Prp19), the intron-binding complex (IBC) or the pre-mRNA retention and splicing complex (RES). During canonical cross-intron assembly, U1 snRNP recognizes the 5′SS (complex E) and U2 snRNP replaces early-binding SF1 protein at the BPS, forming complex A. Subsequently, the U4, U5, and U6 snRNPs join as a pre-formed tri-snRNP, giving rise to complex B, which is still inactive. Complex B undergoes major compositional and conformational remodeling in several steps (forming complexes B act and subsequently B*) to become catalytically competent. The B* complex can then carry out the first step of splicing; the ensuing C complex facilitates the second step before the spliceosome is disassembled in an ordered fashion. Thus, the spliceosome's active site is a fleeting entity that only emerges transiently during assembly on a substrate. It is thought that splicing catalysis is largely an RNA-based process facilitated by the emerging U2-U5-U6-pre-mRNA network (Anokhina et al., 2013; Fica et al., 2013) , but proteins, such as the large Prp8 platform (Galej et al., 2013) , are essential for the formation of the active site. At all transitions in the splicing process, the spliceosome's underlying RNA-protein interaction network is compositionally and conformationally remodeled and at each step there is a massive exchange of proteins (Wahl et al., 2009 ). These remodeling events are mediated by conserved spliceosomal RNA helicases and a G protein, Snu114, which resembles the ribosomal translocase, EF-G/eEF2 (blue along the pathway) (Staley and Guthrie, 1998) . In addition, post-translational modification enzymes and peptidyl-prolyl cis/trans isomerases are associated with the spliceosome and might implement additional remodeling steps; for example, human SF3b155 and CDC5L proteins are phosphorylated precisely during the B-to-B act and B act -to-C transition, respectively. The multitude of putative remodeling enzymes associated with spliceosomes suggests that many more assembly intermediates/steps exist; for example, for many groups of non-snRNP proteins, which join during the same phase, it is poorly understood to what extent recruitment is coordinated or sequential. Higher eukaryotes contain additional helicases and putative remodeling enzymes (De et al., 2015) , suggesting that they in general assemble via a larger number of steps and offer more possibilities for regulation. Other kinds of conformational switches seem to depend on proteins without enzymatic remodeling activity; for example, B complex-specific proteins enter the spliceosome only during the B complex stage and may serve as transient scaffolds that facilitate productive organization of other components. Remodeling of the spliceosome during splicing extends all the way to the level of the snRNPs; for example, U4/U6 di-snRNP is completely disrupted during catalytic activation (Wahl et al., 2009) . As a consequence, several snRNPs have to be re-assembled after each splicing reaction to be able to engage in further rounds of splicing. Subunit recycling requires assembly chaperones such as the SART3 protein in human or the Prp24 protein in yeast for U4/U6 re-assembly (Staley and Guthrie, 1998).
